C lassical Hodgkin's lymphoma (CHL) is a malignant lymphoma characterized by the presence of mononuclear Hodgkin and multinucleated Reed-Sternberg cells (H/RS) residing in a complex admixture of inflammatory cells. 1 The majority of patients with CHL are cured. Nevertheless, treatment fails in a significant minority and most of these patients eventually die as a result of progressive disease or therapy-related complications. 2 The ability to identify more accurately patients at risk of primary treatment failure might allow the application of more aggressive treatment or minimize treatment toxicity in those with lowrisk disease. Several studies have attempted to identify biological parameters that could be helpful in the prognostic evaluation of patients at initial diagnosis and in planning treatment. 3, 4 The aims of the present study were to clarify the histogenetic origin of H/RS cells in CHL and identify subgroups with different clinical characteristics and prognoses.
The origin of H/RS cells has been enigmatic for a long time, as they often express markers of different hematopoietic lineages. 5 Only recently have analyses of immunoglobulin and T-cell receptor loci of single H/RS cells revealed that they represent monoclonal populations of tumor cells of B-cell (98%) or T-cell (2%) origin. 6, 7 In most instances CHL is a B-cell lymphoma, H/RS cells are derived from germinal center (GC) or post-GC B-cells, they harbor clonally rearranged immunoglobulin genes and carry a high load of somatic mutations. 6, 8 However H/RS cells frequently lack the expression of B-cell specific markers (such as CD20, CD79a, and J-chain), 4,9,10 they variably express B-cell histogenetic markers related to different stages of B-cell differentiation such as BCL6, CD10, MUM1/IRF4 and CD138 4, 5, 8, [11] [12] [13] and they also lack immunoglobulin light and heavy chain mRNA.
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CD79a is a signal transduction portion of the B-cell receptor and is expressed almost exclusively on B cells and B-cell neoplasms.
14 In CHL, despite the B-cell origin of H/RS cells, only a small minority of cases express the CD79a B-cell marker.
9,10,15 BCL6 protein is a POZ/zinc finger transcription repressor and is required for GC formation and T-helper-2-mediated responses. [16] [17] [18] Strong positivity for BCL6 is detected in tumor [lymphocytic and histiocytic (L&N)] cells of nodular lymphocyte-predominant Hodgkin's lymphoma, but only in a small fraction of H/RS cells in CHL. 4, 5, 8, 11 MUM1/IRF4 (multiple myeloma-1/interferon regulatory factor-4) protein is encoded by the MUM1/IRF4 gene, which has been identified as a myeloma-associated oncogene activated at the transcriptional level as a result of t(6;14) (p25;q32).
19 MUM1/IRF4 is expressed in the final step of intra-GC B-cell differentiation, in subsequent steps of Bcell maturation towards plasma cells, in lymphoid neoplasms thought to be derived from these cells and in activated T cells.
12,13 MUM1/IRF4 protein is expressed in almost all cases of CHL. In the present study we analyzed the CD79a/ BCL6/MUM1 B-cell differentiation immunophenotypes and the B-cell transcription factors BOB.1/OCT.2 in H/RS cells in 107 cases of CHL aiming to elucidate the histogenesis of CHL and correlate the pattern of expression of these markers with clinical and laboratory characteristics and the patients' outcome. Most previous studies [8] [9] [10] [11] [12] [13] 22 have shown a variety of results regarding the expression of all these markers and furthermore their clinical significance is not clear.
Design and Methods

Patients
Clinical data and biopsy samples from 107 patients with CHL diagnosed between 1992-2003 were collected from the participating centers. All cases were reclassified according to the updated WHO classification. 22 At least 100 neoplastic H/RS cells per section, as defined by histologic and immunohistologic criteria (CD30 positivity), were independently counted by two of the authors. Positivity was defined as staining of at least 10% of the cells of interest. Intensity of staining (weak, moderate, strong) was also recorded with reference to that observed in normal cells.
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Statistical analysis
Overall survival (OS) was estimated from the date of initial diagnosis until the date of last follow-up or until the patient's death. Surviving patients were censored at the date of last contact. Time to disease progression (TTP) was defined as the time between the date of the initial diagnosis and the date of documented recurrence or death from a disease-related cause without there documentation of disease progression. Complete response (CR) was defined as the resolution of clinical and visual evidence of disease for a minimum of 4 weeks. Duration of response was calculated for patients with CR. It was defined as the time between the date of obtaining CR and the date of documented recurrence or death from a disease-related cause without there being previous documentation of disease progression.
Fisher's-exact test was used to test differences in proportions between two groups. In case of continuous variables, differences in median values were assessed by the non-parametric Mann-Whitney test.
The Kaplan-Meier method was used to calculate TTP, duration of response and survival curves, while the logrank test was used to compare time to event distributions. p values of 0.05 or less were considered statistically significant.
In order to identify variables with significant effect on TTP and OS, univariate and multivariate regression analyses were performed, using the Cox proportional hazards model. Variables included in the models were: age (equal or above 45 vs below 45 years old), sex (male vs female), stage (III and IV vs I and II), B-symptoms (yes vs no), extra-lymphatic sites of disease (yes vs no), and CD79a, BCL6, MUM1/IRF4, BOB.1 and OCT.2; all markers were included as dichotomous variables (positive vs negative). A backwards selection procedure identified the subclass of significant variables. The significant factors were kept in the model if the maximum likelihood ratio criterion had a p-value below 0.10. All analyses were performed using SPSS 11.0.1 software.
Results
The main clinical features of the 107 patients are listed in Table 1 . The median period of follow-up was 43 months. The results of the immunohistochemical analyses are shown in Table 2 . CD79a was expressed in six out of 104 cases (5.8%)(Table 2, Figure 1B ). There were no significant correlations between the expression of CD79a and clinical and laboratory disease characteristics. BCL6 was found to be positive in 15 (14.7%) of 102 cases examined as shown in Table 2 ( Figure 1D ). In most Figure 1C ). H/RS cells showed moderate or strong nuclear positivity in the majority of positive cases (92.7%) (data not shown). There was a significant negative correlation between MUM1/IRF4 and CD79a expression (p=0.005). MUM1/IRF4-expressing patients developed progressive disease more rarely (p<0.001) (data not shown), and had better TTP (p<0.001) ( Table 3 .
The transcription factor BOB.1 was expressed in 55 (53.4%) of 103 CHL cases studied (Table 2, Figure 1F ). Intensity of staining was evaluated in all positive cases as weak, moderate, strong in 16.4%, 61.8% and 21.8%, respectively (data not shown). There were no significant associations between BOB.1 expression and different patients' characteristics, disease features, TTP or OS. However the percentage of relapsing patients following achievement of CR was greater in BOB.1-positive patients (p=0.027) ( Figure 3A ). This association was more significant in cases with strong BOB.1 expression (p=0.001) ( Figure 3B ).
The transcription factor OCT.2 was found positive in 13 (12.6%) of 103 CHL cases studied (Table 2, Figure  1E ). The OCT.2-positive patients were older than the OCT.2-negative ones (p=0.001). There was a borderline significant association between OCT.2 negativity and nodular sclerosis histology (p=0.048). There was a significant positive correlation between OCT.2 and CD79a expression (p=0.026). OCT2 expression was not significantly related to duration of response, TTP or OS. Coexpression of BOB.1 and OCT.2 was observed in seven 
© F e r r a t a S t o r t i F o u n d a t i o n of the 103 cases (6.7%) (data not shown).
In order to identify variables that have a significant effect on TTP and OS, univariate and multivariate regression analyses, using the Cox proportional hazards model, were performed. Table 4 lists the results of the univariate survival analysis. As expected, age 45 years or more and stage III and IV disease were associated with significantly shorter TTP and worse OS (p=0.009 and p=0.017, respectively). Patients with B-symptoms, extra-lymphatic sites of involvement and MUM1/IRF4 negative status had significantly worse OS (p=0.049, p=0.01 and p=0.043, respectively). MUM1/IRF4-negative status was also associated with shorter TTP (p<0.001). Stepwise multivariate analysis was performed to identify independent predictors for TTP and OS. Age and extra-lymphatic sites of involvement were independent predictive factors for OS (p=0.015 and p=0.018 respectively), while MUM1/IRF4 status was an independent predictor factor for TTP (p<0.001), as shown in Table 5 .
Discussion
In the present study, the CD79a/BCL6/ MUM1 B-cell differentiation immunophenotypes and the B-cell transcription factors BOB.1/OCT.2 in H/RS cells were ana- 
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lyzed in 107 cases of CHL aiming to elucidate the histogenesis of CHL and correlate the pattern of expression of these markers with clinical and laboratory characteristics and patients' outcome. Although H/RS in CHL are of B-cell origin in most cases, 9-11 it is well documented that expression of B-cell specific markers such as CD79a occurs only in a minority of cases. In our study CD79a was expressed in 5.8% of the CHL cases, which is in accordance with published data.
9,10,15
The transcription factors BOB.1 and OCT.2 were expressed in 53.4% and 12.6%, respectively, of the 103 CHL cases studied. There is variation in the expression of these transcription factors reported in the literature due to small number of cases studied and/or to differences in immunohistochemical methods used. 9, 10, 22, 23 We found a significant positive correlation between OCT.2 and CD79a expression (p=0.026), suggesting the existence of a common B-cell lineage down-regulating factor in H/RS cells. The latter observation was also made by Garcia-Cosio M et al. 10 However, we did not find an association between BOB.1 and CD79a in our series. This discrepancy could be explained by the fact that BOB.1 is a co-activator of immunoglobulin gene transcription and is mainly involved, as indicated by gene knock-out data, in the late steps of B-cell differentiation.
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BCL6 protein and MUM1/IRF4 have been used as phenotypic markers for the characterization of B-cell lymphoma histogenesis.
12,30,31 BCL6 is a valuable marker of B-cells of GC-origin as its expression is restricted to the GC B cells. 16, 17 The presence of MUM1/IRF4 marks the final step of intra-GC differentiation and subsequent steps of B-cell maturation towards plasma cells. 12, 13 In our study BCL6 and MUM1/IRF4 positivity was found in 14.7% and 92.3%, respectively, of CHL cases studied. This is in accordance with published data. 32 However, although in DLBCL, groups of distinct biological behavior can be distinguished based upon the histogenetic origin, 31 in our study such a correlation could not be assessed, since only one case displayed the GC B-cell phenotype, making a statistical evaluation impossible.
In our study 14 cases (13.7%) were BCL6 + / MUM1IRF4 + and seven cases (6.9%) were BCL6 -/ MUM1IRF4
-(data not shown). The latter two groups display heterogeneous, indeterminate BCL6/ MUM1IRF4 immunophenotypic profiles that do not correspond to the differentiation immunophenotypes of normal B cells, suggesting that the differentiation process of H/RS cells is not complete in a fraction of these cells and/or is still ongoing at the time of observation.
11,12,30
Our analysis confirms the findings of previous studies demonstrating the importance of age more than 45 years and extralymphatic sites of disease involvement as independent prognostic factors for OS in multivariate analysis and advanced clinical stage (III and IV) and the presence of B-symptoms in univariate Cox regression analysis. 3, 25, 33 Moreover, as shown in Figure 2A -B, our study demonstrated that lack of MUM1/IRF4 expression was associated with significantly shorter TTP and significantly worse OS (p<0.001 and p=0.03, respectively). These results were further confirmed by using a Cox proportional hazard model which on univariate analysis demonstrated that lack of MUM1/IRF4 expression was associated with both shorter TTP (p<0.001) and OS (p=0.043) ( Table 4 ). In addition, in a multivariate Cox regression analysis, lack of MUM1/IRF4 expres- © F e r r a t a S t o r t i F o u n d a t i o n sion was associated with significantly shorter TTP (p<0.001) ( Table 5 ). To our knowledge this is the first study demonstrating that lack of MUM1/IRF4 expression in CHL has a negative prognostic impact on TTP and OS. However, the result is only indicative given the small number of MUM1/IRF4-negative cases. The prognostic impact of MUM1/IRF4 expression has been studied in other lymphoproliferative disorders. In B-cell chronic lymphocytic leukemia MUM1/IRF4 negativity was mostly associated with the unmutated phenotype and significantly worse OS.
34 A significant association between MUM1/IRF4 expression and reduced OS was observed in a group of patients with cutaneous large B-cell lymphoma using tissue microarray methodology.
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In DLBCL MUM1/IRF4 expression indicates an activated B-cell origin and more aggressive clinical behavior. This observation has been confirmed by several studies using either immunohistochemistry 31 or gene expression profiling.
36, 37 We could speculate that in our analysis of CHL, the lack of MUM1/IRF4 expression may be immunophenotypically indicative of a GC-cell origin. However this is not true since almost all (7/8) MUM1/IRF4-negative cases were also BCL6-negative, indicating an indeterminate immunophenotypic profile not corresponding to the normal B-cell differentiation program.
As revealed by their gene expression profiles, a striking and unexpected relationship was found between CHL and primary mediastinal B-cell lymphoma (PMBL). This subtype of lymphoma differs from the other DLBCL subgroups. Immunophenotypically a large number of PMBL cases show a variable expression of MUM1/IRF4. 38 In addition, over one third of the genes that distinguish PMBL from the other DLBCL are also expressed in CHL cell lines.
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Moreover PMBL and CHL also share several oncogenic mechanisms, such as the NFκB signaling pathway.
39
Taking into consideration the clinical and molecular similarities between CHL and PMBL, it is not surprising that MUM1/IRF4 is expressed in the majority of cases in both these entities.
In conclusion, our study has confirmed that MUM1/IRF4 is expressed in the majority of CHL. In our series lack of expression of MUM1/IRF4 in a minority of cases was associated with shorter TTP and OS, suggesting that this B-cell differentiation marker has a potential negative prognostic role. However our findings need to be confirmed in larger series of cases in order to shed light on the prognostic role of MUM1/IRF4 in the context of CHL. 
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